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The  hybrid  films  composed  of  single-walled  carbon  nanotube  (SWNT)  macro-films  and  a-Fe203  nano¬ 
particles  in  fine  crystalline  size  (6-20  nm)  are  prepared  by  a  simple  heat  treatment  of  the  as-synthesized 
SWNT  macro-films.  The  SWNT  macro-films  with  superior  conductivity  and  flexibility  can  facilitate  the 
charge  transfer  processes  as  well  as  accommodate  the  volumetric  change  of  the  a-Fe203  nanoparticles 
due  to  the  Li-intercalated  phase  transformations,  enabling  high  specific  capacities  over  1000  mAh  g-1 
and  an  excellent  cyclic  stability  up  to  100  cycles  for  the  a-Fe203/SWNT  hybrid  films.  The  increment  of  the 
capacity  to  approach  the  theoretical  capacity  of  a-Fe203  during  cycling  results  from  the  relaxed 
conversional  reactions  between  the  reduced  and  oxidized  states  of  iron  ions  (Fe°,  Fe(II)  and  Fe(III)). 
Experimental  results  have  shown  that  the  thickness  of  the  hybrid  films  has  a  significant  impact  on  the 
diffusion  coefficient  of  Li+.  With  a  thickness  comparable  to  Li+  characteristic  diffusion  length  in  the  range 
of  300—500  nm,  the  hybrid  films  exhibit  an  optimal  electrochemical  performance.  The  findings  on  the 
synthesis  approach  and  the  thickness  effect  provide  a  promising  strategy  for  a  large-scale  production  of 
high-performance  anode  materials  for  Li-ion  batteries. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  rechargeable  lithium-ion  batteries  (LIBs) 
with  a  higher  energy  density  and  a  longer  lifetime  is  the  research 
focus  as  well  as  the  bottleneck  for  large-scale  applications  of  elec¬ 
tric  vehicles  and  portable  electronics  [1,2].  Seeking  alternatively 
potential  anode  and  cathode  materials  becomes  increasingly 
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important  and  urgent  to  meet  the  ever-growing  demands  of  high 
energy  density  LIBs,  especially  with  the  popularization  of  the  highly 
power-consuming  smart  phones  [2].  Nanostructured  transition 
metal  oxides  (MxOy)  have  been  extensively  studied  as  the  candi¬ 
dates  for  LIB  anodes  because  of  their  shortening  diffusion  paths  for 
lithium  ions  and  high  theoretical  specific  capacities,  resulting 
not  only  from  the  intercalation/deintercalation  mechanism  but 
also  from  reversible  conversion  reactions  to  produce  metal 
nanoparticles  M°  and  L^O  with  excess  of  over  6  moles  of  Li+ 
insertion/extraction  per  mole  of  the  oxides.  [3]  Compared  with 
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common  oxides  such  as  Sn02  [4],  C03O4  [5]  and  Ti02  [6],  a-Fe203  is 
a  more  promising  anode  material  with  a  higher  specific  capacity 
over  1000  mAh  g”1,  three  times  that  of  commercial  graphite 
(372  mAh  g_1)  anodes,  as  well  as  a  lower  cost,  higher  abundance 
and  more  friendliness  to  environment  [7].  In  spite  of  these  evident 
advantages,  drawbacks  of  a-Fe203  as  anodes  are  also  serious:  they 
would  experience  structural  collapses  due  to  the  large  volumetric 
changes  during  lithiation/delithiation,  causing  severe  capacity 
degradation  and  cyclic  instability;  their  inherent  low  electronic 
conductivity  and  poor  ionic  conductivity  owing  to  MxOylM°  IU2O 
matrix  deriving  from  the  conversion  reactions  restrict  their  rate 
capability;  a-Fe203  also  suffers  from  the  limited  electrochemical 
kinetics  related  to  the  solid-state  diffusion  of  Li  ions  between 
electrolyte  and  electrodes,  reflected  by  the  voltage  and  capacity 
hysteresis  between  charge  and  discharge  [7-9]. 

In  order  to  circumvent  these  challenges,  blending  Fe2C>3  in 
various  nanostructures  (particles  [10],  tubes  [7],  rods  [11],  etc.)  with 
carbon  additives  and  binders  (polyvinyldifluoride  (PVDF),  poly- 
tetrafluoroethylene  (PTFE)  and  so  on)  is  a  most-used  method  to 
process  into  an  electrode  film  on  current  collectors.  However,  it  is  at 
the  risk  of  balancing  three  key  factors  between  conductivity,  spe¬ 
cific  capacity  and  the  adherence  of  films,  i.e.  increasing  the  pro¬ 
portion  of  carbon  additives  while  reducing  that  of  binders  will 
benefit  a  prominent  conductivity  improvement  but  be  unfavorable 
for  a  firm  attachment  of  Fe203  nanomaterials  on  the  current  col¬ 
lectors  and  vice  versa.  Adding  too  many  these  additives  will  also 
decrease  the  specific  capacity.  In  addition,  there  are  template- 
chemistry  strategies  using  anodic  aluminum  oxides  (AAO)  mem¬ 
brane  [3]  and  metal  organic  frameworks  (MOFs)  [12]  to  assist  in 
forming  films  or  growing  Fe203  nanofilms  on  current  collectors 
with  surface  modified  by  chemical  etching  or  electrodeposition 
techniques  to  enhance  electrochemical  performance.  However,  a 
good  contact  between  the  active  materials  and  current  collectors 
can  hardly  be  stabilized  using  these  methods,  which  inevitably 
introduce  more  interfaces  (active  materials/inactive  materials)  [3] 
and  also  limit  the  practical  applications  at  the  cost  of  cumber¬ 
some  pretreatments  and  other  complex  steps. 

Single-walled  carbon  nanotubes  (SWNTs)  are  well-known  ID 
carbon  nanomaterials  which  are  usually  employed  as  ideal  scaf¬ 
folds  or  substrates  to  incorporate  the  extremely-insulating  nano- 
structured  active  materials,  e.g.  V205  [13],  LiNio.4Mno.4Coo.2O2  [14], 
etc.  for  energy  storage  device  applications  owing  to  their  intrinsic 
superior  conductivity,  large  surface  area,  robust  flexibility  and 
chemical  stability.  Although  high  electrochemical  performance 
achieved  by  these  hybrid  nanomaterials  was  attractive,  consider¬ 
able  manufacture  cost  and  complicated  processing  paths  consisting 
of  several  elaborate  steps,  e.g.  hydrothermal  syntheses  and  post¬ 
treatment  processes  including  centrifuging,  rinsing,  vacuum  infil¬ 
tration  to  form  films  are  critical  factors  to  be  considered. 

In  this  work  we  present  a  facile  method  to  obtain  uniformly 
dispersed  a-Fe203  (<20  nm)/SWNT  hybrid  films  by  a  simple  heat 
treatment  of  the  as-prepared  SWNT  macro-films  developed  in  our 
lab.  The  SWNT  macro-films  are  the  unique  films  fabricated  using  a 
simple  chemical  vapor  deposition  (CVD)  without  any  involvement  of 
gaseous  or  liquid  carbon  sources  (methane,  ethylene,  xylene,  etc.) 
and  catalytic  substrates  [15].  The  SWNT  macro-films  prove  success  in 
enabling  fast  charge  transfer  and  serving  excellent  deformable  and 
stretchable  buffer  layers  with  strong  adhesion  to  current  collectors  to 
inhibit  destruction  of  crystal  structure  of  a-Fe203  by  accommodating 
the  large  volumetric  changes  during  the  Li+  intercalation  and  dein¬ 
tercalation.  The  hybrid  films  as  LIB  anodes  have  shown  increasingly 
high  specific  capacities  over  1000  mAh  g”1  and  remarkable  cycling 
stability  as  long  as  100  cycles  at  different  C-rates.  We  have  further 
investigated  the  dependence  of  the  Li+  diffusivity  on  the  film  thick¬ 
ness  by  detailed  calculations  and  analysis  of  the  compatible  results 


from  galvanostatic  intermittent  titration  technique  (GITT)  and  elec¬ 
trochemical  impedance  spectroscopy  (EIS),  and  found  that  the  a- 
Fe203/SWNT  hybrid  films  with  a  comparable  thickness  to  the  char¬ 
acteristic  diffusion  length  Li+  ions  shows  the  optimum  electro¬ 
chemical  properties  as  a  promising  anode  for  LIBs. 

2.  Experimental 

2.2.  Preparation  of  a-Fe203/SWNT  hybrid  films 

Single-walled  carbon  nano  tube  (SWNT)  macro-films  were  syn¬ 
thesized  by  the  modified  floating  chemical  vapor  deposition  (CVD) 
method  reported  in  the  previously  published  work  [15].  Briefly,  a 
mixture  of  ferrocene  and  sulfur  (atomic  ratio  Fe:S  =  1 :10,  both  from 
Sigma  Aldrich)  as  precursor  was  heated  at  1100-1150  °C  in  the 
furnace  tube,  into  which  a  gas  flow  of  Ar  (1500  mL  min”1)  and  H2 
(150  mL  min”1 )  mixture  was  delivered.  Three  samples  with  different 
thickness  were  prepared  by  using  300  mg,  140  mg  and  50  mg  of  the 
precursors,  respectively.  Here  we  name  the  thickest  a-Fe203/SWNT 
hybrid  film  as  Sample  FC_T,  the  sample  with  moderate  thickness  as 
FC_N  and  the  thinnest  one  as  FC_t.  After  10-30  min  reaction,  the 
samples  were  cooled  down  and  the  Fe-containing  SWNT  (Fe/SWNT) 
macrofilms  could  be  obtained.  Then  a  simple  heat  treatment  of  the 
Fe/SWNT  macrofilms  at  450  °C  in  air  for  30  min  was  carried  out  to 
obtain  the  a-Fe2C>3/SWNT  hybrid  films.  When  the  furnace  was  cooled 
down  to  room  temperature,  the  films  were  transferred  onto  the 
copper  foil  (9  pm  thick)  current  collectors  with  the  aid  of  several 
drops  of  ethanol  to  enable  a  firm  adhesion  and  then  the  Cu-supported 
films  were  punched  to  1  /2"-disc  electrodes  after  dried  in  air. 

2.2.  Characterization 

Morphological  and  structural  characterizations  were  performed 
using  scanning  electron  microscopy  (SEM  mode,  3  kV,  Zeiss  Auriga 
60  FIB/SEM)  and  transmission  electron  microscope  (TEM,  JEOLJEM- 
2010F).  X-ray  diffraction  (XRD,  Philips  X’Pert  diffractometer  with 
Cu  Ka  radiation  and  a  20  range  of  10-80°  with  0.08°/step  and  20  s/ 
step)  and  Raman  spectroscopy  (Bruker  SENTERRA  with  532  nm 
laser  excitation)  were  employed  to  verify  the  crystalline  structure 
of  the  Fe203  nanoparticles.  The  thickness  of  a-Fe203/SWNT  hybrid 
films  was  measured  by  optical  interferometer  (WYKO  NT9100, 
Veeco  instrument  Inc.)  or  atomic  force  microscopy  (AFM,  SPM 
Dimension  3100,  Veeco  instrument  Inc.). 

2.3.  Electrochemical  measurements 

Before  the  cell  assembly,  the  total  mass  of  the  hybrid  films  was 
weighed  out  using  a  micro/ultramicro  balance  (Mettler  Toledo  XP6) 
with  0.001  mg  accuracy.  CR2032  coin  cells  with  the  a-Fe203/SWNT 
hybrid  films  as  working  electrodes  and  lithium  ribbons  (0.38  mm 
thick,  99.9%,  Sigma-Aldrich)  as  counter  electrodes  were  assembled 
in  an  argon-filled  glovebox  (MBRAUN  UNIlab).  The  Celgard  2500 
were  chosen  as  separators  and  1  M  LiPF6  dissolved  in  1 :1  v/v  ethylene 
carbonate  (EC):  diethyl  carbonate  (DEC)  were  obtained  from  Ferro 
Co.  and  used  as  electrolyte.  The  cyclic  voltammetry  curves  and 
electrochemical  impedance  spectra  with  a  10  mV  AC  signal  employed 
from  100  kHz  to  10  mHz  were  all  collected  by  PARSTAT  2273 
(Princeton  Applied  Research)  potentiostat/galvanostat.  The  galva¬ 
nostatic  discharge-charge  tests  and  galvanostatic  intermittent  titra¬ 
tion  technique  (GITT)  were  carried  out  using  BT-4,  four-channel 
battery  test  equipment  (Arbin  Instrument,  ltd.).  GITT  measurements 
consisting  of  a  series  of  current  pulses  were  applied  to  the  coin  cells  at 
a  low  current  of  50  mA  g”1  ( ~  0.05  C)  for  1  h,  each  followed  by  a  10  h 
rest  process.  The  relaxation  time  of  10  h  was  selected  to  allow  full 
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relaxation  of  lithium  diffusion  to  reach  equilibrium  potential  and  to 
minimize  the  self-discharge  of  a-Fe203  during  the  test. 

3.  Results  and  discussion 

3.1.  Morphological  and  structural  characteristics 

Transmission  electron  microscopy  (TEM)  demonstrates  that  the 
diameter  of  Fe203  nanoparticles  ranges  from  6  to  20  nm  (Fig.  lb  and 
right  inset)  and  they  are  densely  distributed  at  the  SWNT- 
interwoven  areas  of  the  as-prepared  SWNT  macro-films  (Fig.  la). 
Mean  size  and  size  distribution  of  Fe2C>3  nanoparticles  was  deter¬ 
mined  by  PEBBLES  free  software  (http://pebbles.istm.cnr.it/)  in 
automatic  mode.  The  selected-area  electron  diffraction  (SAED) 
patterns  in  Supplementary  Data  (SD)  convince  that  a-Fe203  nano¬ 
particles  with  hermatite  structure  (Fig.  SI  a)  are  formed  after  oxi¬ 
dization  of  enormous  amount  of  Fe  catalysts  (Fig.  Sib)  that  came 
from  pyrolysis  of  ferrocene  during  CVD  reaction  in  the  Fe/SWNT 
macrofilms.  The  size  of  nanoparticles  became  larger  due  to  the 
crystal  growth  during  the  heat  treatment  process.  Scanning  elec¬ 
tron  microscopy  (SEM)  images  in  Fig.  lc  and  d  in  a  higher  magni¬ 
fication  display  the  hybrid  films  with  a  uniform  morphology  and 
distribution  of  nanosized  Fe203  particles  that  well-dispersively 
decorate  the  walls  of  SWNTs.  The  photograph  (inset,  Fig.  Id)  pre¬ 
sents  the  red/brown  semi-transparent  appearance  of  an  a-Fe203 / 
SWNT  hybrid  film. 

Powder  X-ray  diffraction  (XRD)  pattern  (Fig.  2a)  shows  that  Fe 
catalysts  are  transformed  to  rhombohedral  a-Fe203  phase  in  R-3c 


space  group,  with  lattice  parameters  a  =  5.0347  A  b  =  5.0347  A 
c  =  13.7473  A  and  a  =  0  =  90°,  y  =  120°  (JCPDS  card  no.  01-087- 
1164).  The  broad  peaks  are  indicative  of  a-Fe203  nanoparticles  in 
delicacy  crystalline  sizes  (10  nm  on  average)  as  fine  as  that 
observed  in  the  TEM  images.  Raman  spectra  show  the  typical  peaks 
at  225,  248,  290,  400,  490,  600  and  1329  cm-1  corresponding  to 
Raman  modes  of  a-Fe203  for  both  the  a-Fe203/SWNT  hybrid  films 
(black  curve)  and  the  pristine  a-Fe203  after  removing  SWNTs  by 
heating  above  700  °C  (red  curve).  [16]  The  peak  at  1589  cm"1  in  the 
black  spectrum  is  attributed  to  G  bands  of  SWNTs  [15].  The  similar 
peak  positions  of  the  two  spectra  further  confirm  the  formation  of 
a-Fe203.  High-resolution  TEM  (Fig.  3)  reveals  the  crystal  lattice 

o 

fringes  of  Fe203  nanoparticles  with  interplanar  distance  of  2.69  A 

o 

and  3.62  A,  which  correspond  to  d-spacing  of  planes  (104)  and 
(012),  respectively,  which  are  reflected  as  the  most  intensive  two 
peaks  in  the  XRD  pattern. 

Fig.  4a-c  shows  SEM  images  with  inset  photographs  of  three 
Cu-supported  samples  with  different  thicknesses  prepared  by 
adjusting  the  precursors’  amount  and  CVD  deposition  time.  It  is 
obvious  that  the  thinnest  film  (Fig.  4c)  is  almost  transparent  so  that 
the  metal  luster  of  the  copper  foil  at  the  bottom  can  be  easily 
observed  while  the  color  of  the  thicker  films  becomes  darker.  From 
Fig.  4a,  FC_T,  the  thickest  one  out  of  the  three  samples  has  the 
densest  structure  where  it  is  scarcely  to  distinguish  individual 
SWNTs  or  SWNT  bundles.  In  contrast,  SWNTs  do  not  show  up  to  be 
recognized  until  the  thickness  of  films  is  reduced  to  moderate 
thickness  (FC_N)  shown  in  Fig.  4b  and  it  is  easy  to  identify  the  long 
SWNTs  entirely  wrapped  by  Fe203  nanoparticles  in  the  SEM  image 


Fig.  1.  Microscopy  images  of  SWNT  macro-films  before  and  after  heat  treatment  at  450  °C  in  air  for  30  min.  (a)  TEM  image  of  Fe/SWNT  macro-film  before  the  heat  treatment,  (b) 
TEM  image  of  a-Fe203/SWNT  hybrid  film  and  inset:  diameter  distribution  for  a-Fe203  nanoparticles,  (c)  SEM  image  of  a-Fe203/SWNT  hybrid  film,  (d)  Magnified  SEM  image  of  the 
dashed  rectangular  area  in  (c)  with  an  inset:  Photograph  of  a  brownish  semi-transparent  a-Fe203/SWNT  hybrid  film. 
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Fig.  2.  (a)  XRD  pattern  of  a-Fe203/SWNT  hybrid  films  (black)  and  the  pure  Fe203  after  removing  SWNTs  (red),  (b)  Raman  spectra  of  a-Fe203  free  of  SWNT  (red)  and  a-Fe203/SWNT 
hybrid  film  (black).  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


of  the  thinnest  sample  (FC_t)  (Fig.  4c).  The  thinner  films  become 
sparser,  particularly  for  FC_t  where  the  copper  substrate  under¬ 
neath  is  visible.  Based  on  the  above  information,  it  was  speculated 
that  the  thickest  hybrid  film  has  the  highest  concentration  of  a- 
Fe203.  This  speculation  has  been  confirmed  by  the  following 
energy-dispersive  X-ray  spectroscopy  (EDX)  mapping  results  for 
the  three  samples  with  an  equally  sized  area  of  5-pm  scale  (SD, 
Fig.  S2  and  the  Fe/C  weight  ratios,  Table  SI ).  FC_T  has  the  highest 
ratio  of  10.43:1  compared  to  5.38:1  for  FC_t  and  3.01:1  forFC_N.We 
hypothesized  that  an  optimal  Fe/C  weight  ratio,  which  can  be  re¬ 
flected  by  the  film  thickness,  may  have  a  significant  impact  on  the 
battery  performance  when  the  hybrid  films  are  employed  as  an¬ 
odes.  This  point  is  further  confirmed  in  the  electrochemical  analysis 
below. 

Fig.  4d  manifests  that  the  thickness  of  FC_T  is  5  about  pm  from 
the  measurement  of  the  average  height  difference  along  the  line 
joining  the  spot  marked  by  B  near  the  edge  of  film  and  the  flat 
surface  of  silicon  substrates  at  A-marked  spot  by  using  optical 
interferometer.  Here  it  is  worth  to  note  that  the  films  are  adhesively 
and  flat  transferred  onto  the  silicon  substrate  without  folding  and 
overlapping  by  following  the  same  procedures  as  preparing  elec¬ 
trodes  (for  details  see  Section  2).  Atomic  force  microscopy  (AFM) 


images  (Fig.  4e  and  f)  show  that  FC_N  and  FC_t  hybrid  films  within 
an  area  of  5  pm  x  20  pm  are  about  500  nm  and  100  nm  thick, 
respectively  by  averaging  the  roughness  along  the  line  from  spot  B 
on  the  film  to  spot  A  on  the  silicon  surface. 

3.2.  Electrochemical  characteristics 

The  electrochemical  characterizations  were  conducted  for  the  a- 
Fe203/SWNT  hybrid  films  with  the  above-mentioned  different 
thickness  as  working  electrodes  in  coin  cells,  which  consist  of  a  Li 
metal  foil  as  the  counter  electrode  and  1  M  LiPF6  in  ethylene  car¬ 
bonate  (EC)  and  diethyl  carbonate  (DEC)  (1:1  by  volume)  as  the 
electrolyte.  In  a  control  experiment,  the  electrode  was  also  pre¬ 
pared  by  mixing  the  pure  Fe203  nanoparticles  after  removing 
SWNTs  from  the  hybrid  films  by  heating  at  700  °C  in  air  for  2  h  with 
carbon  black  and  PVDF  binder  in  a  weight  ratio  of  80:10:10. 

Fig.  5a  exhibits  the  discharge-charge  curves  of  FC_T,  FC_N  and 
FC_t  samples  after  five  cycling  tests  between  3.0  V  and  0.005  V  at 
the  current  density  of  100  mA  g-1,  compared  with  those  of  the  pure 
a-Fe203  sample  during  the  first  two  cycles  under  the  same  condi¬ 
tion.  The  voltage  plateaus  at  around  1.5  V,  1.2  V  and  0.78  V  in  the  1st 
discharge  curve  of  the  pure  Fe203  sample  represent  Li+ 


Fig.  3.  (a)  High-resolution  TEM  image  of  a-Fe203/SWNT  hybrid  films,  (b)  High-resolution  TEM  image  of  dashed  rectangular  area  in  (a)  with  a  higher  magnification. 


334 


Z.  Cao,  B.  Wei  /  Journal  of  Power  Sources  241  (2013)  330-340 


Fig.  4.  (a,  b,  c)  SEM  images  with  insets:  Photographs  of  FC_T,  FC_N  and  FC_t,  a-Fe203/SWNT  hybrid  film  samples  by  sequence,  (d)  The  interferometer  image  of  FC_T  with  the  height 
information  between  A  and  B  marked  spots,  (e,  f)  The  corresponding  AFM  images  of  FC_N  and  FC_t  with  the  roughness  measured  between  A  and  B  marked  spots. 


intercalation  reactions  and  the  conversional  reactions,  respectively 
in  following  equations  [7] 

Fe203  +xLi+  +x0  ->a  -  LixFe203  (1) 


a-LixFe203  +  (2  -  x)Li+  +  (2  -  x)  ©  ^Li2Fe203  (2) 


Li2Fe203  +  4Li+  +40  -^2Fe°  +  3Li20  (3) 

while  the  first  charge  curve  shows  a  sloping  plateau  from  1.5  V  to 
2.2  V,  corresponding  to  the  reverse  reaction  of  Fe°  Fe(II)  in  Eq. 
(4)  [9]. 


2Fe°  +  2Li20~2Fe(II)0  +  4Li++4©  (4) 

where  only  4  moles  out  of  6  moles  Li  ions  are  reversible  during  the 
whole  cycle,  reflected  from  the  charge  capacity  of  420  mAh  g_1 
compared  to  724  mAh  g-1  for  the  discharge  process  (based  on  the 
mass  of  the  a-Fe203  nanoparticles  in  the  mixture).  The  specific 
capacity  of  the  pure  a-Fe203  sample  in  the  second  cycle  decays  to 
405  mAh  g_1  only  as  much  as  50%  of  the  initial  capacity;  that  is 
partly  because  of  the  irreversibly  structural  transformation  to  co¬ 
existed  hexagonal  a-LixFe203  and  cubic  Li2Fe203  described  in  Eqs. 
(1 )  and  (2)  [9].  The  large  volumetric  changes  of  a-Fe203  arising  from 
such  phase  transformations  also  deteriorate  the  capacity  in  the 
sequent  cycles.  However,  the  curves  from  the  a-Fe203/SWNT  hybrid 
films  show  a  longer  plateau  at  a  higher  voltage  of  0.8-0.9  V  (the 
reasons  will  be  explained  later)  with  capacities  over  750  mAh  g-1 
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Fig.  5.  Electrochemical  performance  comparison  among  the  four  samples:  FC_T,  FC_N,  FC_t  and  the  pure  a-Fe203  free  of  SWNTs.  (a)  The  galvanostatic  discharge-charge  curves  for 
the  three  a-Fe203/SWNT  hybrid  film  samples  at  the  end  of  the  5th  cycle  and  the  first  two  cycles  of  the  pure  a-Fe203  sample,  all  at  the  same  current  density  of  100  mA  g-1.  (b)  The 
histogram  plot  for  the  discharge  specific  capacities  of  all  the  samples  during  the  five  cycles,  (c)  The  Nyquist  plots  of  the  as-assembled  fresh  cells  for  all  the  samples,  (d)  The  Nyquist 
plots  of  all  the  samples  after  five  cycling  discharge-charge  tests  at  100  mA  g~\ 


(FC_t)  up  to  825  mAh  g_1  (FC_N)  even  after  5  cycles  (based  on  the 
total  mass  of  the  hybrid  films).  The  histogram  in  Fig.  5b  demon¬ 
strates  that  the  SWNT  macro-films  would  enhance  the  specific 
capacity  and  the  cyclic  stability  of  a-Fe203  remarkably.  On  the 
contrary,  a-Fe203  without  SWNTs  shows  a  quick  capacity  degra¬ 
dation  where  it  degrades  from  the  initial  value  of  724  mAh  g-1  to 
332  mAh  g-1  with  a  low  retention  of  less  than  46%  for  five  cycles. 
Among  the  a-Fe203/SWNT  hybrid  films,  FC_N  has  the  highest 
discharge  capacity  during  the  first  five  cycles,  and  this  is  related  to 
the  thickness  we  will  discuss  later. 

EIS  analysis  has  been  performed  in  order  to  elucidate  the  dif¬ 
ference  in  the  electrochemical  performance  of  the  four  samples 
from  the  viewpoint  of  electrochemical  kinetics.  The  Nyquist  plots  of 
the  fresh  cells  before  the  cyclic  tests  in  Fig.  5c  show  that  FC_N  has 
the  smallest  series  resistance  (Rs)  involving  electrode,  electrolyte 
and  their  contact  interface.  The  smallest  Rs  may  results  from  the 
lowest  Fe/C  ratio  the  sample  FC_N  owns.  All  the  hybrid  films  show 
the  semicircles  with  much  shorter  arc  length  than  the  pure  Fe203 
sample.  The  hybrid  films  have  much  smaller  charge-transfer 
resistance  (Rct)  extrapolated  from  the  real-impedance  intersection 
of  semicircle  at  intermediate  frequency  of  35  Hz  for  FC_N,  25  Hz  for 
FC_T  and  21  Hz  for  FC_t  than  the  Rct  at  2.15  Hz  for  the  pure  Fe203 
sample  without  SWNTs  [17],  indicating  SWNTs  contribute  greatly 


to  the  improvement  of  the  conductivity.  The  smallest  Rct  at  the 
highest  frequency  means  that  FC_N  has  the  fastest  charge-transfer 
process  which  could  be  optimized  by  Fe/C  weight  ratio,  i.e.  by 
controlling  the  thickness  of  a-Fe203/SWNT  hybrid  films.  From 
Fig.  5c,  we  can  also  find  that  approximately  45°  Warburg  line  of 
FC_T  is  the  longest  among  the  three  hybrid  film  samples  probably 
due  to  the  onset  of  finite  length  effects  originating  from  the  highest 
concentration  of  Fe203  [18].  Thus,  FC_T  has  the  largest  limiting 
resistance  (Rl)  extrapolated  from  the  interception  of  capacitive  line 
at  the  intersection  of  the  Warburg  and  capacitive  lines  to  the  real 
impedance  axis  in  the  Nyquist  plot  [18].  The  larger  RL  to  describe 
the  Li+  diffusion  materials  demotes  the  worse  diffusive  kinetics 
they  possess  [18].  The  largest  for  FC_T  may  come  from  the  nar¬ 
rowing  pore  sizes  of  the  densest  architecture  as  shown  in  Fig.  4a. 
Fig.  5d  shows  that  the  Rs  for  all  samples  are  increased  after  five 
cycles  and  the  arc  lengths  of  semicircles  for  all  samples  become 
shorter,  i.e.  reduced  Rch  as  a  result  of  the  stable  solid  electrolyte 
interface  (SEI)  formation  [11].  The  convergence  linking  the  semi¬ 
circle  with  the  Warburg  line  for  the  hybrid  films  all  shifts  towards 
the  lower  frequency  (wc),  indicating  the  slowing  kinetics  during 
cycling  which  also  explains  the  capacity  fading  for  FT_N  and  FT_t. 
However,  it  is  obviously  found  that  the  single  semicircle  for  FC_T 
fresh  cell  is  separated  into  two  converged  at  high  frequency  of 
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Fig.  6.  Selected  cycle  curves  from  cyclic  voltammetry  of  the  FC_500  ( ~  500  nm  thick) 
a-Fe203/SWNT  hybrid  film  sample  between  0  and  3  V  at  a  scan  rate  of  0.1  mV  s-1  for  20 
cycles.  Numbers  represent  the  cycle  number.  Potentials  of  peaks  are  also  labeled. 


1451  Hz  from  the  magnified  high  frequency  part  of  the  inset  of  the 
Nyquist  plot  after  five  cycles.  This  may  be  caused  by  the  splitting  of 
a-Fe203  nanoparticles  far  away  from  the  SWNT  surfaces  off  the 
hybrid  films  [19].  The  front  semicircle  at  higher  frequency  is 


attributed  to  the  intimately-anchored  Fe203/SWNT  integrity  with  a 
super  high  kinetics  (1451  Hz)  which  could  offset  the  diminishing  of 
coo  and  stabilize  the  capacity  of  FC_T  as  cycle  goes,  contrary  to  FT_N 
and  FT_t  as  shown  in  Fig.  5b. 

The  electrochemical  behavior  of  500  nm  thick  a-Fe203/SWNT 
hybrid  film  (FC_N)  has  shown  the  best  electrochemical  perfor¬ 
mance  out  of  three  and  was  thoroughly  investigated. 

Cyclic  voltammetry  (CV)  was  carried  out  in  the  range  from  0  to 
3  V  at  a  scan  rate  of  100  pV  s-1  for  20  cycles.  The  results  of  the  first 
cycle,  2nd,  5th,  10th  and  the  last  cycle  are  shown  in  Fig.  6.  The 
cathodic  peaks  at  1.63  V  and  1.3  V  in  the  1st  sweep  starting  with  an 
open  circuit  voltage  (OCV,  2.2  V)  are  ascribed  to  the  single  hexag¬ 
onal  phase  by  Li+  insertion  and  the  occurrence  of  another  Li- 
intercalated  phase,  cubic  Li2Fe203,  as  described  in  Eqs.  (1)  and 
(2).  The  sharp  peak  at  0.76  V  with  the  highest  cathodic  current  is 
assigned  to  the  reduction  of  Fe(II)  ions  Li2Fe203  to  Fe°,  corre¬ 
sponding  to  Eq.  (3).  In  the  other  half-cycle  process  (anodic)  of  the 
first  sweep,  two  adjacent  anodic  peaks  mirror-symmetrical  to  each 
other  (twin  peaks)  at  1.6  V  and  1.87  V  derive  from  a  two-step  Li+ 
reversible  charge  reaction  of  Fe°  — ►  Fe(II)  as  shown  in  Eq.  (4)  [9].  In 
the  subsequent  CV  measurements  from  the  second  cycle  up  to  20 
cycles,  cathodic  peak  at  1.63  V  becomes  more  prominent  while  the 
one  at  1.3  V,  well  defined  in  the  first  cathodic  sweep,  is  absent, 
probably  owing  to  the  combined  effect  of  the  irreversibility  of  Eq. 
(2)  with  the  reduction  from  Li2Fe203  to  Fe°  [20].  The  major  cathodic 
peaks  corresponding  to  Fe(II)  Fe°  all  shift  to  a  higher  potential  at 
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Fig.  7.  Electrochemical  measurements  of  a  half-cell  composed  of  FC_500  sample  and  Li.  The  specific  capacities  are  based  on  the  total  mass  of  the  hybrid  films,  (a)  The  galvanostatic 
discharge-charge  curves  at  the  same  current  density  of  100  mA  g  1  for  the  1st,  2nd,  10th,  20th  and  100th  cycle,  (b)  Capacity  retention  of  FC_500  at  various  current  densities,  (c)  The 
GITT  curve  of  FC_500  plotted  as  voltage  VS  capacity. 
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0.82  V  with  a  lower  current  compared  to  the  peak  at  0.76  V  in  the 
first  cycle.  This  may  be  caused  by  the  irreversible  phase  trans¬ 
formation  accomplished  after  the  first  cycle,  i.e.  addition  of  cubic- 
phase  Li2Fe203.  On  the  contrary,  the  twin  anodic  peaks  remain  at 
1.6  and  1.87  V,  indicating  the  good  reversibility  of  Fe°  -►  Fe(II).  The 
new-born  anodic  peak  at  2.4  V  may  be  attributed  to  a  deeper  oxi¬ 
dization  of  Fe(II)  Fe(III)  [20].  In  addition,  the  well-overlapped 
curves  after  the  first  cycle  manifest  the  good  cyclic  stability  of 
FC_N  as  anodes. 

Galvanostatic  discharge-charge  cycling  measurements  have 
been  performed  to  evaluate  the  capacity  retention  and  the  cyclic 
stability  of  cell  at  various  current  densities  of  100  mA  g-1, 
200  mA  g-1,  500  mA  g-1  and  1000  mA  g_1  for  100  cycles  in  total. 
The  voltage  profiles  for  the  selected  cycles  in  the  1  st,  2nd,  10th,  20th 
and  100th  at  the  same  rate  of  100  mA  g-1  are  shown  in  Fig.  7a.  The 
discharge  curve  for  the  1  st  cycle  shows  the  shortest  voltage  plateau 
at  1.7  V  followed  by  the  longer  one  at  1.3  V  and  the  longest  at  0.8  V, 
which  represent  the  same  processes  as  the  Eqs.  (l)-(3)  indicated. 
From  the  2nd  cycle  to  the  20th  cycle,  the  discharge  curves  have  a 
sloped  plateau  at  ~  1.6  V  and  then  an  extended  voltage  plateau  at 
elevated  potential  ~0.9  V  compared  to  the  1st  cycle  while  the 
charge  curves  have  a  similar  potential  to  the  first  cycle  between  1  V 
and  2.2  V.  These  results  coincide  well  with  CV  analysis  discussed 
above.  When  cycle  reached  the  100th,  the  shorter  voltage  plateau 
around  1.6  V  is  absent  in  the  discharge  profile.  Instead,  there  is  a 
single  one  at  the  potential  around  1  V  increased  by  0.1  V  while  the 
charge  potential  is  decreased  by  about  0.2  V,  rendering  a  lower 
overpotential  (by  about  0.3  V).  Fig.  7b  shows  the  specific  capacity  of 
FC_N  during  100  cycles  at  different  rates.  The  cell  was  first  cycled  at 
100  mA  g-1  for  20  cycles  where  the  specific  discharge  capacity  of 


956  mAh  g-1  initially  delivered  declines  to  795  mAh  g-1  at  the  end 
of  the  10th  cycle  and  then  rebounds  constantly  with  an  overall 
average  capacity  of  852  mAh  g~\  Continuously,  when  the  current 
density  was  increased  to  200  mA  g-1,  the  cell  keeps  at  a  stable 
capacity  of  927  mAh  g-1  and  the  Coulombic  efficiency  is  improved 
from  the  mean  value  of  91%  within  the  first  10  cycles  to  99.7%  since 
the  20th  cycle.  The  rise  in  capacity  and  Coulombic  efficiency  may  be 
attributed  to  transition  from  Li+  intercalation  mechanism  to  the 
reversible  Fe°  Fe(III)  conversional  reactions  through  the  deeper 
oxidization  of  Fe(II)  -►  Fe(III)  since  the  10th  cycle.  The  cell  perfor¬ 
mance  at  500  mA  g^1  shows  a  fluctuating  capacity  of  850  mAh  g”1 
on  average  and  it  drops  below  200  mAh  g-1  quickly  at  a  high  cur¬ 
rent  density  of  1000  mA  g-1.  This  result  indicates  a  low  rate  capa¬ 
bility  which  is  limited  by  the  extremely  slow  kinetics  of  a-Fe203 
nanoparticles  themselves  despite  the  improvement  by  SWNT 
macro-films.  The  fluctuation  was  also  as  a  result  of  the  severe 
structural  transformation  during  Li+  insertion  and  extraction  from 
a-Fe203  at  high  current  density.  After  deep  cycling  at  1000  mA  g~\ 
an  increasing  capacity  over  1100  mAh  g'1  can  be  restored  when 
returning  the  current  density  to  100  mA  g_1,  exhibiting  an  excellent 
cyclic  stability.  It  is  proposed  that  the  capacity  increase  over  the 
theoretical  capacity  calculated  from  Fe°  <-►  Fe(II)  transition  by  in  the 
last  15  cycles  could  result  from  the  relaxation  of  electrochemical 
activation  and  the  further  reversible  Fe°  <-+  Fe(III)  conversional 
reactions  [21  ]. 

In  order  to  confirm  this  as  well  as  to  better  understand  the 
nature  of  kinetic  properties  of  the  a-Fe203/SWNT  hybrid  films, 
GITT  is  employed  to  analyze  the  Li-ion  transport  kinetics  for  the 
mixed-conducting  electrodes  by  using  a  small  constant  current, 
and  measuring  potential  changes  as  a  function  of  time  [22]  (see 


Fig.  8.  Polarized  curves  for  current  pulse  steps  from  GITT  data  at  various  potentials  in  discharge  and  charge  processes,  (a,  b)  Upon  charge,  0-0.6  V  and  1.5— 1.7  V.  (c,  d)  Upon 
discharge,  1.8— 1.4  V  and  3-1.8  V. 
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details  in  Section  2).  From  Fig.  7c,  the  specific  charge  capacity  of 
FC_500  can  achieve  1200  mAh  g-1  and  the  discharge  capacity  is  as 
high  as  1400  mAh  g-1  due  to  the  fully  Li+  diffusive  reactions  given 
the  relaxation  time  is  sufficient  to  allow  the  system  to  reach 
equilibrium.  The  discharge  process  shows  a  voltage  plateau  at 
around  1  V  arising  from  the  reduction  of  Fe(II)  to  Fe°  and  the  in¬ 
clined  tail  part  below  0.5  V  may  come  from  the  contribution  of 
SWNTs  with  a  capacity  of  380  mAh  g_1(theoretical  capacity  for 
graphite  is  372  mAh  g-1).  The  equilibrium  voltage  upon  charge 
shows  a  sharp  slope  up  to  200  mAh  g-1  which  originates  from 
SWNTs,  followed  by  a  longer  increased  slope  from  1.2  V  to  2.8  V, 
indicating  that  the  Li  removal  might  proceed  as  a  continuous 
Fe°  Fe(II)  -►  Fe(III)  reaction.  These  results  are  in  good  agreement 
with  the  analysis  above  and  consequently  confirm  our  supposition 
on  the  reasons  for  the  capacity  increment. 

The  effective  Li+  chemical  diffusion  coefficient  can  be  deter¬ 
mined  by  GITT,  using  Fields  law  through  the  following  equation  (Eq. 
(5))  [22] 


Dg,1t  =  4(^L)  (it)  (T  «  l2/Dgitt 


(5) 


where  L  is  the  characteristic  length;  S  is  the  contact  area  between 
the  electrode  and  electrolyte;  VM  is  the  molar  volume  of  the  elec¬ 
trode  material;  Mb  and  mb  are  the  atomic  weight  of  b  and  the  mass 
of  the  component  b  in  the  sample;  AFt  is  the  total  change  of  the  cell 
voltage  during  the  current  pulse  for  the  time  t,  neglecting  the  IR 
drop  due  to  the  current  flux  through  the  electrolyte  and  the 
interface;  A Fs  is  the  change  of  the  steady-state  voltage  of  the  cell  for 
the  step  in  different  potential  range  as  illustrated  and  defined  in 
Fig.  8  (pulse  steps  at  different  potentials  in  the  discharge-charge 
cycle).  [22]  Here  the  component  b  is  a-Fe203  and  we  simplify  the 
VM  as  the  molar  volume  of  pure  a-Fe203  because  its  high  concen¬ 
tration  over  80%  in  the  hybrid  films  (SD,  Table  SI).  VM  can  be 
calculated  from  Eq.  (6)  as  follows  [23]: 

VM  =  NA^f  (6) 


where  Vceii  is  the  unit  cell  volume;  Na  is  Avogadro  constant  and  Z  is 
the  number  of  formula  units  in  the  unit  cell.  \Zceii  is  calculated  from 
the  unit  cell  parameters  of  a-Fe203  in  rhombohedral  representation 
(SD,  Fig.  S3). 

The  polarization  curves  in  Fig.  8a  and  b  are  representative  of 
each  step  at  around  0.2  V  and  1.5  V,  respectively  during  the  charge 
process.  When  the  cell  goes  to  a  higher  voltage  upon  charging,  it 
needs  more  time  for  relaxation  of  pulse  to  reach  a  steady  state  or 
unable  to  reach.  On  the  contrary,  the  relaxation  time  of  pulse  would 
be  delayed  when  the  cell  is  discharged  to  lower  voltage  (Fig.  8c  and 
d).  These  phenomena  reflect  the  change  of  lithium  diffusion  co¬ 
efficients  during  different  process  at  various  voltages.  The  over¬ 
potential,  i.e.,  the  voltage  difference  between  equilibrium  potential 
at  the  end  of  relaxation  and  the  potential  at  the  end  of  the  current 
pulse  (~AFt  -  A Fs,  neglecting  the  IR  drop)  [24]  increases  as  both 
charge  and  discharge  proceed.  Thus,  the  potential  hysteresis  could 
be  maintained  as  shown  by  GITT  in  Fig.  7c. 

In  the  subsequent  analysis,  we  relied  on  EIS  measurements  to 
calculate  the  Li+  chemical  diffusion  coefficients  at  different  po¬ 
tentials  to  make  a  comparison  with  those  as  determined  by  GITT  in 
order  to  clarify  the  potential  relationship  between  the  film  thick¬ 
ness  and  the  Li+  diffusivity  and  consequently  the  difference  in  cell 
performance  for  the  hybrid  films  with  different  thicknesses.  Given 
by  the  thickness  of  500  nm  and  EIS  results  for  FC_500  (Fig.  9a  and 
b),  Li+  diffusion  coefficient  can  be  calculated  according  to  the 
following  equations  [25]: 


^EIS 


4t 


(7) 


/QmffdxA2 

V  d  E  ) 


a 


(8) 


Qm  dx 
~dE~ 


(9) 


Fig.  9.  Electrochemical  impedance  spectra  for  FC_500.  (a,  b)  Nyquist  plots  at  various  potentials  and  the  corresponding  fitting  lines  upon  discharge  and  charge,  (c)  Equivalent  circuit 
model  employed  in  the  curve  fitting. 


Z.  Cao,  B.  Wei  /  Journal  of  Power  Sources  241  (2013)  330-340 


339 


Table  1 

The  fitting  values  of  components  in  equivalent  circuit  for  Fig.  9a. 


Potential  at 
discharging 

(V) 

Series 

resistance, 

Rs  (w) 

Charge 

transfer 

resistance, 

Ra  (w) 

Warburg 

impedance, 

Ws(w) 

Constant 
phase 
element, 
CPE  (F) 

Intercalation 
capacitance, 
Gn  (F) 

2 

3.722 

83.9 

38.13 

1.9054E 

e: 

0.0050175 

1.5 

4.11 

72.28 

36.71 

—  D 

4.943  IE 

e: 

0.013473 

1 

4.351 

70.15 

39.74 

—  D 

5.1375E 

e: 

0.015545 

0.5 

4.282 

62.91 

58.62 

—  D 

5.224E 

e: 

0.026113 

0.2 

4.385 

61.31 

54.86 

—  D 

6.2949E 

e: 

0.032586 

0.05 

4.51 

72.19 

62.21 

—  D 

7.61 76E 

0.061731 

-5 


a  =  (w— >0)  (10) 

(i)  2 

where  t  is  the  film  thickness;  t  is  characteristic  diffusion  time  and  a 
is  the  Warburg  coefficient;  Qm  is  the  total  inserted  Li  ions  and  d£/dx 
is  the  slope  of  the  coulometric  titration  curve;  Qnt  is  capacitance  for 
Li+  diffusion;  Z"  is  the  imaginary  impedance  and  to  is  the  angular 
frequency  [25].  Qn t  can  be  obtained  by  fitting  the  EIS  data  recorded 
during  discharge  (Fig.  9a)  and  charge  (Fig.  9b)  at  various  potentials 
with  the  corresponding  equivalent  circuits  (ECs)  as  shown  in  Fig.  9c. 
Tables  1  and  2  list  the  fitting  values  of  components  in  ECs.  Warburg 
coefficient  a  is  extrapolated  by  fitting  the  slope  of  curve  (Z"  versus 
the  square  root  of  w  at  low  frequency).  The  values  of  a  at  various 
potentials  are  listed  with  the  diffusion  coefficients  Deis  in  Tables  S2 
and  S3,  SD. 

The  results  of  Li+  chemical  diffusion  coefficients  calculated  from 
the  EIS  (Deis)  and  GITT  (Dgitt)  are  shown  in  Fig.  10.  The  overall 
tendency  of  the  variation  for  both  DEis  and  Dgitt  is  basically  in 
decrement  as  the  charge  and  discharge  proceed,  which  also  co¬ 
incides  with  that  of  Warburg  impedance  Ws  (Tables  1  and  2)  and 
the  results  of  polarization  curves  as  described  in  Fig.  8.  DEis  in  the 
range  of  3  x  10_12-7  x  10-12  cm2  s^1  is  a  little  higher  than  Dgitt 
ranging  from  1  x  lCT12-4  x  10~12  cm2  s^1  probably  due  to  the 
insufficient  equilibrium  confined  by  the  characteristic  diffusion 
length  L  for  the  EIS  measurements.  Therefore,  the  hybrid  films  with 
the  thickness  of  300-500  nm,  which  is  comparable  to  the  charac¬ 
teristic  diffusion  length,  L,  may  have  the  optimal  electrochemical 
performance.  If  the  hybrid  film  was  too  thick  or  too  thin,  it  would 
not  benefit  the  maximization  of  Li+  diffusivity  for  a-Fe203  nano¬ 
particles.  Thus,  it  is  no  wonder  that  the  cell  with  FC_500  films 
closest  to  300-500  nm  thick  has  an  excellent  performance  in  terms 
of  the  highest  specific  capacity  and  the  cyclic  stability.  However  the 
Li+  chemical  diffusion  coefficient  with  a  factor  of  - 12  is  too  low  and 
is  responsible  for  the  inferior  rate  performance  described  above. 
This  remains  a  challenge  to  overcome  in  the  future  work. 


Table  2 

The  fitting  values  of  components  in  equivalent  circuit  for  Fig.  9b. 


Potential  at 
discharging 

(V) 

Series 

resistance, 

Rs  (w) 

Charge 

transfer 

resistance, 

Ret  (^) 

Warburg 

impedance, 

Ws(w) 

Constant 
phase 
element, 
CPE  (F) 

Intercalation 

capacitance, 

Gn  (F) 

0.5 

4.207 

71.29 

73.99 

8.5774E— 5 

0.03205 

1 

5.184 

62.13 

53.81 

6.0959E— 5 

0.029044 

1.5 

4.418 

60 

39.23 

6.1094E— 5 

0.025756 

2 

4.479 

68.64 

53.91 

5.9489E— 5 

0.013761 

2.5 

4.478 

73.38 

33.83 

6.8308E— 5 

0.010591 

Fig.  10.  Li+  chemical  diffusion  coefficients  of  FC_500  determined  by  GITT  and  EIS 
during  charge  and  discharge  processes. 


4.  Conclusions 

In  conclusion,  we  have  demonstrated  a  novel  a-Fe20s/SWNT 
hybrid  film  obtained  by  a  simple  heat  treatment  method  that  ex¬ 
hibits  enhanced  electrochemical  properties  of  a-Fe203  and  as  a 
promising  anode  material  for  rechargeable  lithium-ion  batteries. 
The  SWNT  macro-films  with  a  high  conductivity  and  flexibility  can 
remarkably  facilitate  the  electrochemical  kinetics  and  buffer  the 
strains  caused  by  Li-intercalated  phase  transformation  to  improve 
the  specific  capacity  and  cyclic  stability  of  a-Fe2C>3  anodes.  The 
hybrid  film  anodes  can  take  the  best  of  reversible  Fe°  <-►  Fe(III) 
conversional  reactions  to  approach  the  theoretical  capacity  of  a- 
Fe203  over  1000  mAh  g-1.  The  a-Fe203/SWNT  hybrid  films  with  the 
thickness  that  comparable  to  the  characteristic  diffusion  length  of 
300-500  nm  has  the  highest  Li+  chemical  diffusion  coefficient  and 
thus  possesses  an  optimal  electrochemical  performance  in  terms  of 
the  highest  specific  capacity  and  the  cyclic  stability.  The  findings 
reported  here  will  provide  a  strategy  to  develop  the  hybrid  nano- 
structured  metal  oxides  and  carbon  nanomaterials  as  high- 
performance  electrodes  for  thin  film  lithium  ion  batteries. 
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